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Iri s r a e r  t o  determine the r a t e  at whleh resesvozrs  VIPLI f i l l  w i th  

oedlmeri~ xt 1% of ten  n e c e s s a r ~  to e s ~ l f n a t e  the weight, pel  urlat volume s f  

r,he d e p o s ~  ~ e d  sedlmecit because the q u a n t i t y  o f  sedlment c a r r i e d  by a 

stream 1s usr*aJ.ly e q r e s s e d  i s ;  terms 0% weight ra tha i  tharl volume A 

the tough  s L ~ ~ d y  of t h i s  sub jec t  has  never beer1 undertalprer~ arid consequently 

thd- esC1mated dens lcaes  used cover a wide and indiscr imate  range of val 

ues All avai labke d a t a  have beera complied 111 this reporl The r e s u l t s  

a.r](i C O ~ I C ~ ~ S L O U S  Cbr 'aw~~ from au a n a l y s ~ s  oP the d a t a  a r e  s 

f'o rm 2 p p ~  1cab I t  to  the rleeas sf orgarl a ~ a t i o n s  o r  individuals in te res ted .  

resarvolr dt?srgi~ 



Table of' Con tents -- 7 

FDU OF CONTEXTS 

Bect ion 
em- 

f u INTROBUCTIBM 

I Scope of the project,,,,. , G - , o . , . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1l 

2 Purpose of this investigation, , , . . "  , c . . .  . . . . . .  . . . . .  12 

3 Bcope of this report" . .  . ,  : ; .  2 . , a . , , .  . , .  . . ,  . - . . . . . . . . ,  . .  

4 Authority and personnel, . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  14 

5 Aehowledgment s . . . . - . . . ,, . . . , , ,  , "  , ~ . . . . .  . , -  . , . . . . . . . , ,  15 

11 A r n V I E 1  OF r n L I S r n D  L I T g u T m  

6 Previously published l i tera ture , ,  . q 1 I 

I E~mphreys md Abb~tt a . , . . ,  . ,  , * , 1 7  

8 Elephant Butte Reservoir, , , . . .  I (  

9 C o l o r d o  River Basin, , , -  , 20 

10 Texas reservoirs,,, c a . -  - . o o , , a  , o , , 21  

kl Mi sssuri Bi ver , , . ,  a >  216 

12 HiiimS Conservaaey District retarding basins, , , n a o u  . 25 

1 4 Et~ropea~~ investigatioa~s .. . a c -  o n ,26 

2.4 1aaves"cjgat ions of coarse sediments ~n Calif srnia- . , - . 2 8  

I? Studies of i n i t i a l  density by Trask, . . , -30 

16 Other investigations, = ,  , > ,  a " 3  3 31 

111, MSULTS OF STUDY OF A V A I M U  DATA 

17 Factors influencing sediment density.9o.; . , . . - . -  - . . ,  - , . , . . . . . . .  - = 333 

I& Analysis of observed densities,,,, . ;  . -  . a a ~  , 2 ~ ~ ~ : - , ~ ~ , , ~ . ~ , , ,  9 35 

19 Values of density f o r  use in design,. : : , , , . : , . , , , , , , , , , , , , , , , *&g 

20 Supplementary B a t a 3 0 ~ ~ , ~ ~ ~ ~ ~ o ~ o ~  , =  L , ,  , o , o ~ ~ , . c o ,  0 3 . . , , . s , , . 2 .  0 52 



Page - 
2% Sediment s torage  capaci ty  of a bas in  d i f f e r s  from the  water 

s torage capac i ty  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 56 

" . . . . . . . . . . . .  . . . . . . . .  22 Recovery of water from deposi ted sediments ., 56 

BPBLIQGWPHY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 58 

k Porosi%y, d e n s i t y  m d  poss ib le  water recovery f o r  sediments 
of the South Coast Basin,  Ca l i fo rn ia  . . . . . . . . . . . . . . . . . . . . . . . .  9 a 0 0 2 9  

2 Relat ion of u n i t  weight of deposi ted sediments t o  p e r  cent  
of s m d  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - 37 

Table -- 
LIST OF T O U S  

Page 
P 

L Density of sediment depos i t s  from v i c i n i t y  of Colorado River ...... 21 

2 Density of deposi ted sediments i n  Texas Reservoirs  0.a0....a.0.ee0a22 

5 Density of depos i t s  formed under labora tory  condi t ions  .......... -24 

4 C w a c t e r  of Missouri River suspended sediments deposi ted i n  
s e t t l i n g  bas ins  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T 25 

5 Variat ion of  d e n s i t y  wi th  depth of sediment i n  Lake Nieder- 
southolfen . . . . . . . . . . . . . . . . . . . . . . . .~... . . . . . . . . . . . . . . . . . . . . . . . . . .  2 7 

. . . . . . . . . . . . . . .  6 Densi ty ad poros i ty  of 9m Gabriel  wash depos i t s .  .28 

7 I n i t i a l  d e n s i t y  determined by Trask. . . . . . . . . . . . . . . . . . . . . .  m , . 0 e 0 0 a 0 3 1  
l3 Density and s i z e  ana lys i s  of deposi ted sediment . . . . 3  8-39-b-41-42-.43 

9 dmd,  s i l t ,  and clay  i n  deposi ted sediments.. ........... .44-45-46.-.47 

EQ Density va lues  f o r  use i n  d e s i m  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 49 

11 Supplementasy d a t a  on d e n s i t y  and poros i ty  . . c . . . . . ~ . . ~ o . . . . . . .  053 

92 Supplementary d a t a  on d e n s i t y  anCa mechanical a n a l y s i s  of 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  sedimen"c~eposits. .  .54--55 



Section R 
v- . ---. 11 

%, 1, Lane and Victor A .  Koelzer* 

1, --The measurement of the quan t i ty  m d  cha rac te r  

of sediment t r m s p o r t e d  by strerams i s  rn important a c t i v i t y  common t o  

r i v e r  m i n t e n m c e  a d  development, stream dischasge measuse~en t ,  e ros ion  

con t ro l ,  i r r i g a t i o n  a d  h y d r o - e l e c t r i c  development Considerable work i n  

sediment measurement and msLys i s  has been done, but  the  methods and 

aypwatus  used L : ~ Y C  var ied  nideljr and the q u a l i t y  of the r e s u l t s  r m g e s  

from very g09d t o  very poor ,  1x1 an e f f o r t  t o  improve and to  s tandardize 

the methods and equipment a cooperative p r o j e c t  has  'been undertaken by 

the  f e d e r a l  agencies having problems i n  t h i s  f i e l d ,  S ix  r e p o r t s  covering 

the  r e s u l t s  of these s t u d i e s ,  have been issued as fo l lows* 

Report No l--scField P rac t i ce  and Zquipment used i n  Sm- 
ed%mentu, is a d e t a i l e d  review of the equip- 

ment and  neth hods used i n  suspended sediment sampling from the 
e a r l i e s t  i nves t iga t ion  to  the  present  with d iscuss ions  of the  
advantages sllu disadvantages of the  various methods and i n s t r u -  
ments. The requirements of a samples which would meet a l l  
f i e l d  condit ions sat i s f  a c l o s i l y  a r e  s e t  f o r t h  

--93quipment Used f o r  S m l i n g  Bed-Load anad 
Bed Material" .  d e a l s  mith equipment f o r  s m p l i n g  bed-load and 
bed mater ia l  in  a manner s i m < l &  t o  t h a t  i n  which Beport No. 1 
covers suspended load,  

B e p o r f l o ,  3-- -"Malyt ica l .  Study of Methods s f  S w l i n g  
Suspended Sediments', covers an i nves t iga t ion  of the accuracy of 
var ious  methods of s m p l i n g  suspended sediment i n  a v e r t i c a l  
s ec t ion  sf a s t r e a n ,  based on the l a t e s t  developments i n  the  
app l i ca t ion  sf turbulence  theor i e s  t o  sediment tsansport-,ation. 

*Professor  of  Hydraulic Engineering, S t a t e  Univers i ty  of Iowa and 
Ass i s t an t  Engineer,  U o  3 ,  Engineer O f f i c e ,  L s u i s v i l l e ,  Kentucky, formesly 
Jun io r  Engineer,  U o  %. Geologic& Survey, r e spec t ive ly ,  



1" 2 "- - ---- ------ Sect ion 2 

Report, Ro 4 l'Me l2lods of Analy ~ l n g  Sediment Samplesf', de --- . 
i , r i b e ~  dnd c i ~ o c u c n e s  maiy netbods developeci f o r  determining 
the s i z e  of  small p a r t i c l e s  i n  sediment ana lyses  Deta i led  i n  
s t r u c t i o n s  a r e  ga veri f o r  many of the cornon methods i n  use for 
clet,err:iining the  p a r t i c l e  s i z e  and the t o t a l  coizcentration of 
sediment 1x3 sLtaLples a s  developed by agencies  doing ex tens ive  
work i n  these  f i e l d s ,  

tfLabora"cry Inves t  i g a t  i ons  of Suspended Sedi,- 
r n e n f l w l e r s " ,  desc r ibes  invest iga"cons of t h e  e f  f e e t  of vari--  
ous intake condi t i o n s  0x1 the r ep re sen ta t iveness  of sediment sm--  
pbes the f i l l i n g  c h a r a c t e r i s t i c s  s f  slow f i l l i n g  samplers 
utjder v a r i o u s  conditions, 

Report Mo , I -  "A Study o f  ;tee Methods f a r  S ize  Analysis  of 
~uspend-t Samplesfi g ives  account of a s tudy t o  develop 
methods of s i z e  a n a l y s i s  more s u i t a b l e  to t h e  condi t ions  usu- 
a l l y  rnet 1x1 suspended s e d i m e n t s t u d i e s ,  I t  d e s c r i b e s  a simple 
form of appara tus  developed m d  g ives  d e t a i l e d  procedures  f o r  
i t s  use ,  

Two addi t ~ o n a l  r e p o r t s  now i n  p repa ra t ion  v r i l l  be issued s h o r t l y  on 

Lhe fo l loazng  s u b j e c t s  

Report 110, 6 "The Design of Improved Types s f  Suspended --- 
Bob.lm@n"Lmplers~~ desc r ibes  the  development of var ious  types  
asl" Lrkune integrating smunplers s u i k b l e  f o r  t ak ing  v e r t i c a l l y  i n  
Legrated sarn,uLes i n  f l oa lng  streams and o t h e r s  f o r  Lakialg time-- 
integrated r,anpl e s  at a fixed p o i n t ,  D e t a i l s  o f  the bes t  forails 
developed are g iven  

Report No, 8-- '~Measuremene s f  Ihe Sediment Discharge s f  --- 
Strezmasft, d e s c r i b e s  the most e f f i c i e n t  methods and equipment t o  
bo used i n  making sediment measurements under  var ious con- 
d i t i o n s  encow t e  red i n  n a t u r a l  s t r e m s  

The scope of the pro jece  has  been broadened somewhat i n  order  t o  

eanb~aee Che s1Ct~dy of  Bedi~exlt  derisi t y  descr ibed i n  t h i s  r e p o r t ,  as the  

sub jec t  covered was o f  considerable  importance to  the agencies  involved 

aBnd t h e  ma te r i a l  w a s  a v a i l a b l e  without f u r t h e r  e f f o r t ,  

2 ,  Purpose of t h i s  i n v e s t i g a t i o n  - In  aetesmlaling the economic 

f e a s i b i l i t y  of a r e s e r v o i r  p r o j e c t  i r ~  a sedimerlt bear ing  s t ream, one s f  

the mast i m p s r t m ~  problems is  to malee an es t ima te  of t he  l i f e  of the  



r e s e r v o i r  o r  the l eng th  of the per iod  between i t s  cons tsue t ion  and t h e  

t m e  v ~ l ~ e n  i L  will become so n e a r l y  f i l l e d  v ~ l t h  sediment t ha t  i t  will be 

no Lo~lger u se fu l  To a l a rge  exlerat, the  accuracy of such wl es t rmate  de 

perads up011 how accu ra t e ly  the wezght of a u l i t  volume of sediment as de 

pos t l ed  i n  the reservof r  can be p red ic t ed  The vreaght of sedsnent vrhlch 

the  stream c a r r a e s  em be determined by observa t ions  of sediment concen 

t r a t i s a  and stream f l o w  and the  weight of a wi t  volume of depos i ted  

sedimerlt may be estirnaeed b y  @omparasor1 m t h  the r e s u l t s  of observakions 

of sediment dens i ty  made f o r  saanilar condi t i o n s  In  o the r  reservoirs 

$TI t h e  pabl a 1 1  t yleaghts varying from 30 to 125 l b s  per  cu f t  

knave been ksed by varzous englneers  bu t  comparat-tvely few quant l  t a t i  ve 

d a t a  have beea ava i l ab l e  upor1 mhlch. an engineer  could base a r e l i a b l e  

r s t  imam f o r  m y  p a r t  l c u l a r  s ~ t u a t l 0 1 1  wider cons ide ra t i so  I t  was the  

pkrpose of t h i s  znvest lgar ; isr~ repopt t s  assemble all  ava i l ab l e  d a t a  bea r  

Jng on t h a s  subjec t  and analyze a t  with a vlev to providing englneers  

a l t h  i n f o r m t a o n  ~ ~ p o n  which more accu ra t e  e s l ~ m a t e s  car, be made The 

or iglr ia l  d a t a  a r e  glvexl l n  corlsaderab le deca l1  a r j  order tha t  they  may be 

avaz lab le  f o r  f u r t h e r  research  ~f des l  red 

5 Scope o f  t b l s  report, This repore c o n s i s t s  of t h ree  phases ,  t he  

f i r s t  of which i s  a conprehens~ve  revlen o f  ixlformatlon 01, 1;hls sub jec t  

found  i n  p rev ious ly  pubi a shed li berature tb a bibliography of  r e f e r  

enees to the original sources ,  The second phase e o n s l s t s  of a study of 

t h i s  l i t e r a t u r e  aa~d a l l  aprailatjle wlpubllshecl q u a n t i t a t ~ v e  d a t a  wi th  a 

view to  surnmarazlrlg there i x ~  a form whien n r l l  be r e a d i l y  a v a i l a b l e  f o r  

appl rcatroxj Lo englrleerix~g problems The th l  rd phase 1s the presen  



1 !-I - "* ----------- - Sect ion  4 

t - i ~  ioat ~n de ta i  E ax" a l a rge  motmt  o f  h i t h e r t o  unpub%ished d a t a  an sedi-  

aunt d e n s i t i e s  md s i z e  c o q o s i t i o n ,  vhich should be useful. i n  my fur . -  

t h 2 2  "aLudics which nay be made sf t h i s  sub jec t ,  

Af ter  the o r i g i n a l  d r a f t  of t h i s  s tudy was completed, cons iderable  

aors s r ig in%% d e t a i l e d  d a t a  c o l l e c t e d  by the So i l Conservation Service 

be&?me a v a i l a b l e ,  but, l a s~ fo r tma lehy ,  i t  was i nposs ib l e  t o  d i g e s t  these 

d a t a  and co1~1pare them wi th  the conclusions reached from the e x m i n a t i o n  

o f  the ear l ie r  d a t a ,  In the time a v a i l a b l e  i t  mas poss ib l e  only  t o  pre- 

,jarde t hess d a t a  i n  d e t a i l  i n  t a b u l a r  f o r n ,  tvherre they  w i l l  be ava i l ab l e  

1 1 0 ~ '  ~ U L I Z Z - ~  st~dies, as given i n  Tables  1% a ~ d  l 2  

Author i ty  =d persomel--The F e d e r d  agencies  p a r t i c i p a t i n g  i n  

the geiAtsa a1 s t ~ d y  of ftMeLh~ds Used i n  Measurement and h d y s i s  of Sedi- 

nacr:%, f,s&a in S t r e m ~ , ! ~  a r e :  the Corps of E x i n e s r s ,  the Geologies% Sur 

us;y ,  the Bureau of B e c L m t i o r , ,  the Off ice  s f  Indian A f f a i r s ,  the Flood 

C su, t-01 Ctssrdinating Corni t  t ee  of the  Depatment  of Agr i cu l tu re ,  the 

'Y', X L R O M S ~ ~  Vallegr Autk~ority, The work was l a r g e l y  c a r r i e d  OIL by personnel  

i ~~x~i~iskaad by these w e n e f e s  under the d i r e c t i o n  of  P r o f G  I3 '@' Wme of 

l , f~e  $ 0 ~ ~ 3  I n s t i t u t e  of B y d r a d l ~  Research a s s i s t e d  by the s t a f f  of the 

lo~ : , ;~  @j ty Sub OZffee of "ce Corps of Engineers Among those engaged  or^ 

~ l l i e  worBr were P o  C -  Benedict ,  C. be Boyl l ,  M -  D .  Dubrow, 6 B.. Borne, 

'b he Koelzer ,  P* M e  gobhe V ,  J c  Palmer, F.  W ,  Barker ,  D E R h i n e b r t ,  

;uad W P ,  8 ,  Stanleyo  The p re sen t  r e p o r t  was f i r s t  assembled as a personal  

pzv jecL  b y  the au tho r s ,  but  as the  ma te r i a l  w a s  of g rea t  importace t o  

~iae agencies involved and, s ince  pub l i ca t ion  wi th  these  s t u d i e s  v o d d  

preserve a great p a r t  of the  value of the r epo r t  b y  enabl ing  "ee d e t a i l e d  



Sect ion 5 -- ------- ----- 

d a t a  "e be p ~ ~ b l i s h e d  In  fuJ 1, i t  was decided t o  incorpora te  t h i s  s tudy  as 

a p a r t  a f  the  major i n v e s t i g a t i o n ,  

s--Mu~kl. of the q u m t  i t a t i v e  d a t a  on depos i ted  sedi-  - 
mentvahich have been used ixa t h i s  r epo r t  s e r e  obtained from mpubl i shed  

records of the W e  S ,  Geological Survey, c o n s i s t i n g  of the  r e s u l t s  of wit 

weighto md p a r t  i e b s  s i ze  malysss of numeroue saap le s  taken from d e p o s i t s  

along the Colorado River its trlbuCLaries;4 by T, D, C o l l i n s ,  C .  9 .  

Ilsward, and S ,  M e  Love, Considerable d a t a  vere  furn ished  a l s o  by the 

Missouri Rives Div is ion  o f  eke Corps of Bngineers v~hich  had been eonpiled 

by nf. L. 6. Straub.  An a r t i c l e  by 0exls(2~), t r a n s l a t e d  f o r  t h i s  study 

by the  U ,  8 ,  Bsterways Xxpsriment S t a t i o n  Research Centers ,  gave a g r e a t  

deal o f  da"c from European s t u d i e s  on t h i s  sub jec t .  A n m b e r  o f  sampler: 

were ca%lecled  from the  Iowa m d  Cedar Rivers  by t h e  Iowa I n s t i t u t e  o f  

Xtydraulic Wesearch, These vmro analyzed by 5 ,  C. Kennedy, of the U .  3 ,  

Xngbnwof Dspartrraealt, who also ~mdf;  a prel iminary review o f  t he  previous  

1 i t e r a t u r s  on t h i s  aubjecL SmpLes sf the  d e p o s i t s  i n  the  3ngLersood mi$ 

Bermax1 town retarding "basins sf the  %imi Conservmcy D i s t r i c h n e r e  f u r -  

nished by C o  H, E i f f s r t ,  Chief Engineer ,  ,and C .  3. B e m e t t ,  E n g i ~ e e r ,  of 

that  organiza t ion ,  A barge c o l l e c t i o n  of ~mpu'blished d a t a  was a l s o  f u r -  

nished by the S o i l  Conservation Service o f  the U. S. Departmerbt of Agri- 

c u l t u r e .  Q t h e r  d a t a  were obtained from the  p u b l i c a t i o n s  of the $ o i l  Con- 

s e rva t ion  Berviee,  and " c h e  U ,  5. h r e a u o f R e e l m a t i o n ,  and from M s .  A .  D* 

Lewis, D i rec to r  of I r r i g a t i o n ,  Union of South Afr ica .  Many va luable  sug- 

ges t ions  mere made by C a r l  B, Brow.., % $ e d  of the Reservoi r  S e c t i o n ,  Sedi- 

mentation Div is io~b of the  S o i l  Conservation Serv ice ,  9k1e geneyous cooper- 
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~ L L  i bi) C a1 -l tI4ese agencies alnd individuals in making these data available 

L A  gr ~ u l l y  appreciate&, 



6 ,  Previously published li terature--The f i r s t  phase i n  the study 

consisted of a thorough review of the previously published information 

dealing with t h i s  subject ,  Beferences %.rere found scattered i n  engineer- 

ing Li te ra tu re ,  and to  a id  fukure invest igators  a bibliography i s  added 

at the end s f  t h i s  repor t ,  I t  was found that  unit veights varying from 

3Q to 125 l b s ,  per  cu. f t ,  have been used by various engineers i n  es t i - -  

mating r a t e s  of reservoir  f i l l i n g .  En the foSlowing paragraphs the im.- 

portant information from these a r t i c l e s  i s  summarized, 

7. % 3 u ~ h r e y s  and Abbott--The e a r l i e s t  record found of any estimate 
* 

of the densi ty  of deposited sediment was made in  1861 by H ~ p l l r e y s  and 

Abbott who, used a value of 120 Lbs, per  cu, f t ,  f o r  the unit weight of 

material  deposited by the Mississippi River. 

8, E l e p h a t  Butte Reservoir--The Elephant Butte Reservoir,which 

w a s  constructed between 1910 anti 1916 on the Rio Orande River in New 

ldexico , probably has recei  ved more study from the standpoint of sedimen- 

t a t ion  t h w  my other reservoir ,  Because the sediment Load of t h i s  

e t r s m  i s  extremely heavy, amounting t o  as much as 22 per cent by weight, 

i h w a s  recognized ea r ly  t ha t ex t ens ive  deposition would occur i n  the 

reservoir ,  and s tudies  of sedimentation mere therefore par t  of the in-. 

ves t igat ion m d  design of the project .  The first study seems to  have 

been made by T?. II. F o l l e t t  of the U. 3. Geological $urvey(5). - On the 

basis  of a single s q l e  consist ing o f ag - in ,  cube taken under ca re fu l ly  

selected conditions, he conc lded  that the un i t  meight of deposited ma- 
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tepi;zi_ J L L  the proposed Elephant Butte  Reservoir would be 53 l b s ,  per  cu. 

f ' c -  a~d. that an average of 19,739 acre  f t ,  of sediment would be deposited 

& k ~ i . u c i  1 1 y 

lt,  i s  i n t e r e s t i n g  t o  note tha t  a Eater survey of the s i l t i n g  of the 

ilicphnrit DutLe Reservoir  indicated(') t h a t  i t  was f i l l i n g  at the r a t e  of 

20,000 acre f t .  pe r  yea r ,  Concerning these r e s u l t s ,  Hemphill ('1 says ,  

J'YooXIett made no e s l i m t e  of the s i l t  r o l l e d  abomg the bottom of the 

stream, but s t a t ed  h i s  bel ief  t h a t  it  might poss ib ly  mount  t o  as much as 

25 per cent  of t h a t  suspended, Accepting t h i s  r a t i o  as a maximum, the 

L ~ J S U L L ~  o f  the survey gave aurait value of 65 l b s ,  of d r y  s i l t  pe r  cu, 

f t ,  sf depos i t ,  I t  i s  bel ieved t h a t  they ( t h e  3 i o  Grmde sediment reo- 

orads)  ware accurate enough t o  ind ica te  f a i r l y  that suspended s i l t  i n  the 

kliblo Gcande rvibk form depos i t s  containing from 55 t o  65 bbs, pe r  cue  f t .  

O T  o i a  t f t  

w aCutXy of  the sediment deposi ted i n  %he bas in  was made by R. R ,  

g d 3. i n  ~ 9 1 6 ,  who measured the dens i ty  of three 

~ ~ t ~ a ~ ~ p l c s  of sediauaent and f o m d  dry  weights of 88 t o  L O 1  Iba. pe r  cu. f t ,  

I ~"r,ll 311. average o f  92 Ibs ,  per CU, f t ,  Sieve m a l y s e s  o f  these  s m p l e s  

~ h , + ~  s i z e s  ranging f rom 76 t o  88 per  cent  (average 8 1  per  cent )  pass ing  

Cne ;)03 mesh sfeve md p ~ a c t i e a l l y  a l l  passing the  LBO-mesh s i eve ,  

The water inflow i n t o  the Elephant Butte  Reservoir  has been measured 

aC Sari Marsial, a shor t  d is tance  above the r e se rvo i r  s ince  before s torage 

nas s t a r t e d  in the bas in ,  Continuous sediment observat ions were made i n  

1913 a d  from 1925 t o  da te ,  Based on the inflow and sedimene records,  

esttmaates of the d e n s i t y  of the  sediment mere made by the  In te rna t iona l  

Boundary Comission from 1925 t o  1935 and by the Sedimentation Division 
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of the S o i l  Conservation Service f o r  the  period 1915 to  1935. So f a r  a s  

h ~ o m ,  these a re  the only comparisons of measured sediment volume i n  a 

reservoi r  a d  sediment inflow measurements, and g ive  the  only values f o r  

the average dens i ty  i n  a re se rvo i r .  From the d i f f e rence  of s torage  space 

avai lable  i n  the  r e se rvo i r  as shown by surveys i n  1925 and 1935 and the 

weight of sediment inflow computed from the stream discharge and f requent  

sediment samples taken during the  pe r iod ,  the In te rna t iona l  Boundary Com- 

mission found a depos i t  of 122,875 acre  f t ,  from 186,506,000 tons  of 

sedimen-t, which give a u n i t  vreight of deposi ted sediment of 70 ,2  l b s ,  pe r  

eu, f t ,  The es t imate  of the  S o i l  Conservation Service was based on the  

d i f ference  of s torage space ava i l ab le  i n  the r e s e r v o i r  as shorn by the 

sxrveys before s torage s t a r t e d  i n  1915 and i n  1935, wi th  a sediment in-= 

flow weight determined from frequent  samples f o r  12  of the  21 yea r s  and 

from sediment s a t i n g  curves f o r  the remaining 9 yea r s ,  A depos i t  of 

379,509 acre f t ,  w a s  found f o r  t h i s  per iod  ( inc luding the  s torage  above 

the s s p i l L w a y  l e v e l  but below the gaging s t a t i o n ) ,  m d  a sedinent  inflow 

a t  the g%ing s t a t i o n  of 428,385,008 tons ,  g iv ing  a sediment d e n s i t y  of 

5 b , 8  I b s ,  per cu, f t -  Neither  of these  es t imates  take i n t o  account the 

inflow of sediment as bed-load, nor that coming i n t o  the  r e s e r v o i r  below 

the gaging s t a t i o n ,  nor the  outflow of sediment through the dam ( e s t i  

mated at 5,QQO acre  f t .  f o r  the t o t a l  p e r i o d ) ,  The f i r s t  two of these  

omissions cannot be est imated accura te ly  but  tend t o  produce a computed 

dens i ty  l e s s  t h m  the  t r u e  va lue ,  and the t h i r d  tends  t o  give a d e n s i t y  

g rea te r  than the t r u e  value. There i s  good reason t o  be l ieve  t h a t  both 

of the f i r s t  tno omissions cause small e r r o r s ,  and t h a t  therefore  an 

e t s s w t l o n  t h a t  they  a re  o f f s e t  by the e r r o r  of about 7 .6  p e r  cent  from 
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t l i l i d -  osraissicara is pl~obably valid, The International ]e3oundary Csm- 

v a  :;b9 0x1 e s t  imata neglects the storage sf sediment above spillway level, 

cl;L tirzstecl by "Lie $oil Conservation Service at 14,323 acre ft. This is 

j (5 p t r  cent sf the s torage used for the total period and l1,8 per cent 

r3i" the storage used f o r  the 1925 to 1935 p e r ~ o d ~  The error is therefore 

betryrcen 3,8 and lL 8 per cent It is reasonable to assume that most sf 

L!w, sct%inaen"cabove spillway level was deposited in the latter part of the 

pd"i . ;d ,  since during anuch of the early part of the period the reservoir 

was S'EIling up, and bklerefsre at a low level Assuming that 18,000 sf 

L L  I ) $ ,  32 j acre fL, were deposited in the 1925 to 1935 period, the in- 

c i ~ ~ s i o r ~  of t h i s  volume in the 1925 to 1935 estimate would lower the sedi- 

man% densi ty  f r o m  70,2 Lo &4*5 I b s ,  per cu, P t ,  hother part of the d4f- 

:s:ionbc ill tila densities computed by the two organizations is probably 

 UP: I(:, Lhe shrir~k~age i r b  the sediment ~ i t h  time, The assumption is made 

i,i~,:C "tit? 0 CPero~rce in "che sedimen"c~rcsJ.tame in 1925 m d  1935 is "che space 

'st,$ 1ci.~;-d ibg i,he sediment which cans in during this period" Actually the; 

&, d ~ , i l ~ n C  r c e ~ ~ p f s e  rketoovlly this space but also the space made available 

) 1 a g e  o f  the sedineb%% deposited before 1925 which took place dur 

i r l g  Ghe 192"30 1935 period. The true volume of the 1925 to l935 sedi- 

I t s  therefore greater than that estimated md the true density is 

Cl~crc Pace Lees khan estlmted, Knowledge sf the rate sf compaction in 

r o t,e: ("vo i rs f s i l l  sxrf f f cient to estimate closely how much dif ference in 

c?e l \b i ty  the csqact5on vouXd make, but it might m o ~ m t  to several Lbs, 

1 ) 9 1  eu,  Et, 

.$,L&$ River Basin Considerable data have been collected in 
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the val ley of the Colordo River in  Arizona a d  California.  The U .  S. 

Bureau of RccLwnation used(7) a un i t  weight of 100 lbs .  per  ou. f t  . i n  

studying the deposited material  i n  the Inper ia l  Canals, Fo r t i e r  and 

s lansyi6)  thought t h i s  value was too high f o r  material  ca r r ied  i n  sus- 

pension as the material  sampled and analyzed i n  determining t h i s  f igure  

was l w g e l y  t rmsported a s  bed-lo&. 

Table l i s  a s r y  proposed by Stevens (16) of a number of samples 

of sediment deposits  %&en i n  the region s f  %he GsLor&o River by For t ie r  

a Blmey, 

TUU % 

DIHSITY OF Sm$UMS% DBPOSITS FROM VICINITY OF C O L Q W Q  RImR 

Bed Silts, I q e r i a l  Canals, 1925 
Bsd Sf lLs,  Imperial CmaEs , k9%7-%g 
OiPa River s i l t  bare; 
Set t l ingbas ins  sf fallowing I m e r i a l  

Valley mn ic ipa l  water systems : 
EL Gentro , Calif  o rn ia  
Imperial, Cal i fornia  
Calexieo , Cali fornia  
Iqerimen"e1 basin at Rake r  City 

Density l b s ,  
per  cu. f t .  

A large number of smp le s  have been taken from the Colorado River region 

by the U .  S Q  GeoEogicd Survey, the da t a  f o r  which are  given i n  Tables 8 

and 9. 

$8,  Texas resewoirs--Table 2 gives da t a  taken. from surveys of 

naaeraezs reservoirs  i n  Texas ( b y ' )  i n  1929 by the U. S. Department of 

k r i c u l t u r e .  This t ab le  gives the dry un i t  weight of the deposited sedi- 

ment md a l e s  Lhs percentwe of moisture i n  the s ~ b e a  a s  taken. The 
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pa r  m, P I  
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lxposed deposit 9 Pt. below high water mark. Surfwe cracked, 
Sample, from 6 in. below top of deposit. Surface cracked. 
B w l e  from 6 in. below top of deposit. Surface crmked. 
~ m p l e  from 6 in, below top of deposit, Surface crwkea. 
Probably deposited before dam was bui l t .  Surface cracked. 

g:: f t .  above dam a t  bottom of ehrumel. 811 leas  tben ]o&mesh. 
$-I/% m i .  above darn a t  bottom of chamel. A l l  l e s s  tham jO(f-.mesb. 

49,3 9 m i ,  abow clam a t  bottom of channel. A l l  l e s s  thea 3Oe)-nresh. 
23.9 b s i l t  cobbles from b m  above backwater. High weight believed 

$6 be due t o  ro l l i ng  while i n  p1astio s ta te .  
I 

b7.1 A t  point  of laflow 1 f t ,  abow water surface. 
22.4 Born b W  @*red f o r  10% period. 
6 Ixposeb bank deposit, Surface cracked. 
J1,% I ~ o c d e d  bank depoait. Surface cracked. 

S-le from 9 f t .  below high water mask and 8 in. above water swfaee .  
Sample from X) it. of s i l t  md 35 it. under high water w k .  
Stmpla, imm 20 f t ,  of s i l t  and. 35 i t ,  under high water mark. 
S a l e ,  from XI f t ,  of s i l t  and 35 f t r  d e r  high water mark. 
2.5 f t ,  below top of deposit an8 2 f t .  below high water mark. 

2 It. below top of deposit  and l f t .  below high water mark. 
3CKI i t ,  above d m  and under 10  i t .  water. A l l  materiaJ. l e s s  than 

XXbmsh screen. 
%Fresh deposit. 

lfi mi, above d m  a t  middle of r e s e m i r ,  umler 30 do b f t ,  of 
water, A l l  m a t e r i d  leas  thaa 300-mosh. 

IWom r e s e r m i r  bottom i n  old channel, Al l  lees  than jOO-wsh. 
Ir-3,/4 atri, above am i n  018 ~hagn8l .  ALL l e s s  t h m  jm-msh. 
6 mi. above d m  i n  old c h m s l ,  A l l  l e s s  than 300-mash. 
EY mi. above 8 m  m&er  8 in. of water. Exposed during lopl stages. 

EY p u i ,  above d m  w 8 e r  8 in. s f  water. Exposed d u r i v  low stages, 
8 m i ,  &bow d m  under df3P in. of water. Exgoeed Busing low stages, 
9,5 mi, above &en i n  old oharuael. 
Old exposed d e p o ~ % t  om b d .  93 per cent wind. 
S a d  bm l f t ,  above water W f a e e .  M l  sand, 

it. above dm. 
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report  sn t h i s  study gives a great  deal of valuable da t a ,  of which the 

f o l l o ~ i n g  paragraphs swvmari ze the rno re i q o r t a n . t  f inding s o  

''It should be kept i n  mind tha,  the average ult imate 
weight of the d r y  material  per cubic foot of deposit  depends 
on the function m d  operation of  the rese rvo i r ,  In a reser-- 
voir  used fo r  flood control  sn ly ,  the water i s  stored tempo- 
sari12 , m d  the deposited ~ n a t e r i a l  , subJected to shrinkage 
during long periods of time, has , r averwe ult imate weiglit s f  
dry  rnaterjal per cubic foot  of deposit  approximating 90 I b s , ;  
i n  the average reservoir  f o r  storage of water f o r  fu tu re  use ,  
dry periods m d  increased demand f o r  water result, la lowering 
of the water surface and the exposure of the s i l t  deposit  f o r  
periods of time resu l t ing  i n  an average ult imate weight of d ry  
mater ia l  per cubic foot  of deposit  qproximatjng 70 l b s , ;  and 
i n  a power reser-voir, where the head. is maintained p r a c t i c a l l y  
consLmt,  e q o s u r e  md the r e su l t i ng  s h r i n k ~ e  do not take 
place ,  m d  the average ult imate weight of the dry mater ia l  per 
cubic foot  o f  deposit iLpproxInaates 38 lbs ,  

"The wrieer,  a f t e r  c a r e t u ~ l y  considering the volume- 
weight r a t i o s  of s i l t  samples and the measurements of exposed 
md sdmerged deposi ts  i n  rese rvo i r s ,  has se lected 70 I b s ,  as 
the averwe ultimate weighs sf dry  material  per cubic foot  of 
depos i t ,  f o r  cora~rertiu~g u n i t s  by weight in to  un i t s  by volume, 
This se lect ion was made with a knowledge of the indeterminable 
vo lme  of vegetable maher  i u :  %lac form of logs and brush which 
moves dom the s t r e m a  during r i s i n g  stages.  Since much of 
t h i e  material  is waterlogged md t r ave l s  unobserved dovmstream 
below the water s w f a c e ,  it i s  impossible Go estimate the 
voltme, Such material  w i l l  be deposited where i t  v ~ i l l  be pre- 
served indef in i t e ly  if kept submerged wftb wate ron  

Regarding the results of these s tud ies  on Terns rese rvo i r s ,  Hemp- 

!!Exposed ba r s  of  coarse s i l t ,  such a s  is found at the 
head sf reservoirs ,  averwed 92 I b s ,  of dry material  to  1 cu. 
f t ,  of deposi t ,  while f i n e r  s i l t  i n  mush the same Location 
averaged 82 l b s ,  Smples  Prom "ce surface o f  deposi ts  near 
the middle of reservoirs  averaged 55 Zbs. of dry  mater ia l  to  
each cu, f t .  Smp1es of the f i n e s t  material talcen from the 
suUb%ilergsd deposits  i n  o ld  r i ve s  c h w e l s  i n  rese rvo ia*~  aver-  
web g l  l b s ,  of dry material  t o  1 cu, f t o  

i s  in te res t iug  t o  note tha t  i f  the average s i l t  
y ie ld ,  i n  tons per &;quare mile,  from "ce a r ea  a'b0ve t h i s  
reservoir  (C&e Worth) i s  c o q s a b l e  t o  t ha t  of the nearby 



9r! iaos  drainage,  as shown by the records at Glenrose, the de- 
p o t ~  i Q 'in I h e  reservoPr eonlains l e s s  than 60 l b s  pe r  cu, f t  . s t  

i f3 .  6 .  ~icir le '" )  s t a t e s  tha t  the densi ty  of deposi ts  i n  the gedina 

f i cse i  v o l r  a f t e r  I j  years o f  operation averaged 30 kbx p e r  cu, f t , ,  but 5 

, y c t t ~ ~  le t ter ,  owing to  exposure t o  the suaz and a'ccnosphere i n  t h i s  period,  

had increased to 6 ~ ~ 6  Ibs  per  cu f t ,  IIe es t imates  t h a t  .an average vaP- 

~ic-: o f  /O  I b s ,  per cu fL, shou.ld be used i n  rese rvo i r s  i n  which the sed i -  

IXIO~IL J~posits are subject to a l t e r s a l e  webting and drying 

L L  & i  r Dr, % ,  C, Straub w l e  a thorough study sf the 

i i c ~ ~ $ i i t j  o f  sediment carried. by the Missouri River f o r  t h e  Missouri River 

3 i v 2  sioa of the U, S o  Engineer Departmeu~t A combination of' smples; 

gaL1iared i n  the course of f i e l d  operations were separated i n t o  various 

t , r ; , r C e k i  ranging from clw t o  pebble gravel  and each grade was aIloned to 

&r :Cb lc  i n  still water wader ideal ized condit ions,  The fol%ov~ing table  

d j s i  vs3r; t h e  wait msights and other pe r t inen t  d a t a  from these studies;, 1 ,  

4 n ~ m ~ b e s  of samples  ere taken fron the s e t t l i n g  basins; o f  the Em- 

W ~ W  C i t y ,  K;insas, waterworks and analyzed f o r  uni t  weights; m-d per  cent 

of arside, The wa"cr was p q e d  from the Missouri River and hence the 

serilrnen t was d e f i n i t e l y  suspended, The r e s u l t s  a r e  given i n  the %oL%ow 
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ing t a b l e ,  

DEmS IT3D IN SETTLING BAS INS 

Regarding the r e s u l t s  of these determinations the repor t  s t a t e s :  

"The weight pel  u n i t  volume va r i e s  inverse ly  wi th  the 
f ineness  of mater ia l ,  

'!A dry  weight per  u n i t  volume of deposi t  a s  low as 22=7  
pounds per  cubic foo t  was observed" A corresponding amount of 
voids w a s  85.4 per  cent  thus indica t ing  the f i n e  mud ( s i l t  
and clay) t o  be i n  a s t a t e  of vrbat might be considered "semi-- 
suspension" , 

"The average dry weight per  u n i t  volume of deposi t  ma- 
t e r i a l  was 47-8 pounds per  c ~ ~ b i c  foot  with a corresponding 
%mount o f  voids o f  70,4 per  cent of the bulk volumelf. 

A number of samples were taken from na tu ra l  depos i t s  i n  the Mis-- 

sour i  River i n  the v i c i n i t y  of Kansas Ci ty ,  Data on u n i t  weight,  size 

m a l y s i s  and per  cent  of moisture of these samples a r e  giveninTabEes 8 

2 Mimi Conservancy D i s t r i c t  se tard ing bas ins  -In order  t o  de- 

termine the d e n s i t i e s  reached by sediments i n  r e t a rd ing  bas ins  where the  



( i i): I i 3 ? f t  L ' O V  i i ~ r d  vr I t b  water srily a t  r a se  i n t e r v a l s ,  hngs s m p l e s  each 

1 P a k y Lhe erLgj rLeer ing dcpartment of  the ldimi Conservancy Dis  

L J  1 t G I 1 ' ~ ) " ~  t h ~  >hgC:.l eussd aria. Gsrmtmtoan basins  near  the dams at Lhc 

p a  r i iLs o f  C I C L ~ ~ C S L  d e p o s i t s  ar.d were a n a l y ~ e d  at the Ioaa Inst i tute  o f  

17:/d~.e.ii I i h: Besearch The d e p s s i  ts f  rsm the Englevlood Basin were f i n e r  

t1lniA t h o s e  from t h e  Gerrnzul L O Y I ~ I  Basin probably because the de t e n t  ion 

p ~ r ! e ( i  I' t h e  Csrmer i s  l o n g e r .  rrw;gir,g f  ssm 5 t o  12  days as compared 

t I 2 2 t o  d a y  r tlie l a t t e r  The two samples from the Eriglewood 

L i a b i r i  c,llowca clry w e a g h t s  of 7Q arid 85 I b s ,  pe r  cur  fee, mid those from 

t i  < i ic u~,az t,onr k~dsrw, skiowed (9 arid 80 1Fs per  cu, f t . .  From the i n f o r  

i n a i  sol; nv;, I iable I t is riot poss ib le  to  explairi  the d i f f e r e n c e  i n  -the 

I y I t,ile t v m  sarop-les from the Englewood bas in  Tho s i z e  analyses 

i, i ' i ~ e  b! rc i (v  sar~ple:, a re  sl-bs\vr ix, Table 8 

i ', v,ur~~]jenn ii,vcstigatisns Oexle' 24: has  g iven  a very ex tens ive  
a - - " %-ax-- -- -------- 

I I i L r ,  * l i  J i i  \'lii3c:,n l i te ra tuss  ran 'chis s u b j e c t ,  toge ther  wi th  the r e s ~ , d t s  

i ' i i ! * ( J  '0~lp(h LY ~i l r ' 4 iL i~r l t io r i  o f  h i s  0 ~ 1 1  The fo l lowing  i s  a stlsnrnasy of 

I : I < ~ ;  i j1ci r pnr  Ls of iiis r e v i e w  of previous  l i t o r a t u r e .  3aumgarteni25) 

1 I 9 b per  eri f t  as the i-lecsi t y  o f  suspended ma te r i a l  depos i ted  

i i  i . i i i  : ' s ion r~e  Xiver nrd  Spring and pros t te6 '  found $1 ibe .  pe r  cu. f t .  

i LJI' br Meuse h i m  2 f  f Gsurid a valbe of 79 1148, p e r  cu f t ,  at a depth  

3 PI S r: Laire U r r l  v~here; a dep t k l  of' h " j 0  of sediment seas depos i ted  

I L L  a yeas nrad i r ~  the NuetLa bes i r , ,  at a depth of 100 a,. a value of 99 

1 %  nnr ci! il where 80 zrn were deposited per gear. ~ i n ~ e r ( ~ 5 )  w a s  of  

thp. i ) j ) in jo l l  that a ~~&1~1e  of 100 i b e . .  pe r  C U *  f t e  sklouI&$ be used md i n  

h i  iS"i,as li cases 125 Ibs per  f t . These values probably applied t o  bed 



Lo& which was composed of sand o r  coarser  mater ia l ,  Deposits i n  the 

Drmee were Psmd t o  have values between 89 md 104 Ibs ,  pe r  eu, f t ,  

~ e i s i n g e r i ~ ~ )  gives some i n t e r e s  t ing  d a t a  on the va r ia t ion  of densi=- 

t y  with depth within the marl sediment i n  Lalee Niedersoutholfen i n  

Bavaria, whleh are shorn1 i u  Tabhe 5, 

Tam 5 
BMIATION OF DENSITY WITH DEPTB OF SEDImHT 

I X  urn N % r n r n S O U I H O r n E N  

In a Later p ~ b l i . c n t i o n ( ~ 9 )  he gives other i n t e r e s t i n g  d a t a  on the 

va r ia t ion  sf density with irlereasirig distance from the inflow to  the 

lakes, Five traps on the bottom of Lake Alp arranged progressiveby f u r  

ther  from the J n f  low, a f t e r  8 years gave values of 41, 32, 26, 26, and 25 

l b s ,  per  cu, f t .  A t  the s i t e  of the four th  t r a p  i n  4 years a value sf 

only I g ! %  l b s ,  pe r  c u e  f t ,  was observed The average rats s f  deposi t  per  

year was 19 ,~44 l b  .. per sq, f t , In a case at Lake Wiederssutholfen, seven 

sediment t r aps  sirmiLar$y arranged, f o r  a period of 3 years gave values of 

29*4, 24,4, 2h,E3, 21,s. 2 0 ~ 6 .  20,0,  a d  l j , 4  Ibs ,  pe r  eu, f t ,  $he de. 

p o s i t s  i n  t h i s  case averaged 1,25 l b s ,  per  sqo E t -  per  year ,  but the r a t e  

of set t lement d id  neat vary appreciably wi th  time, In Lake Starnberg, a t  

depth (117 m,) , a deposit  of 0,104 Lb ,  per  sq. S t ,  per  year 
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t> idb,nnf Lg 01 130,L Lbs, pe%: eu, % t o ,  and the depos i t s  on the Lake bell 

l ~ k l ~ i ~ l . 1  rle-se 7 sa, deep, had a dens i ty  of 83 Ibs ,  p e r  cu. f t ,  The flow i n  

L d t c  i;Laiilhcrg i s  much slomei* than i n  l ake  Alp. k l h o f e r ( j 0 )  found a 

dcn3.1 ,,y tof 92 l b s o  p e r  CU., f t %or a, sample taken below a s p w  dike i n  the 

ll.!sa Mloor. 

X i  zs analyses and dens i ty  d a t a  on s m p l e s  taken by OexLe a r e  given i n  

i 1 ; 3 h l s s  t4 a i d  9 ,  

14, Suvestigat ion of coarse sedirclents i n  Califorrlia---A g r e a t  d e a l  of ------ 
( J i ~ t u  el11 t h e  weight of very coarse sediments such as might be deposi ted by 

,? ~iiot,~~.i,a?.n ntrem hrwe been co1lscLed i n  C a l i f o r n i a  in connection with 

3 r studies. $ondereggerte2) g ives  the i'ollowing d a t a  on the  per 

I Y voids o f  coarse depos i t s  in Sax1 Gabriel wash i n  southern C a l i -  

i o i r i ,  & ffi'03?1 t h e  mi l; weights have been computed, assuming the spee- 

i L (  $J?'Liii'it,y O$ $he P & S " ~ ~ C ~ $ B  $0 be 2,65. 

TOU 6 

U3!18 ITP f l D  NRO% PTY OF SAX GDBIEL WA8B DXPOS ITS 

Bo~l.lc%,ess, grzcr-el and sand 
Coarse gravel and sand 
Me? i urn gra~rel  and sand 
l ' i i r b  gravel  811d s a d  

Voids Density 
Per cent  l b s ,  pe r  cu, f t ,  

Tliess values ind ica te  s u b s t m t i a l l y  higher  u n i t  weights f o r  t h i s  s o r t  

3' ,., im,lcrial than f o r  sands, s i l ts  and c l ays ,  

$ .c/az-,y thorough study of the voids md water r e t a i n i n g  capac i ty  of 

c:ru;zrr3s sediments was made by the Division of Water Resources of the S t a t e  

o? ~ ; a l i f o r r l i a ~ ' S ; ~ )  To determine the mderground water s t o r ~ e  capaci ty  o f  
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the south c o a s t a l  bas ins  i n  the v i c i n i t y  of Eos Angeles more than 200 

samples were mabyzed a d  t h e i r  voids determined, The amount of water 

which would d r a i n  out o f  them was a l s o  determined. The voids ( p o r o s i t y )  

and water r e t e n t i o n  (poss ib le  recovery) f o r  coarse materialwere fourad t o  

TTary with the  pa r t i cbe  s ize,  as shown i n  Fig. 1. 

FIG. I -  WROSITY, DENSITY AND mSSI5LE WATER RECOVERY FOR =\MEFITS 
W THE SOUTH COAST BASIN, CALIFORNIA 

A s s u i n g  the  s o l i d  p a r t i c l e s  t o  have a s p e c i f i c  g r a v i t y  of 2.65, the 

d e n s i t i e s  of the depos i t s  shown on t h i s  diagram were a l s o  computed. The 



r , ? " i  ,., ,, ttt,ilan oa she abscissa scale are  the s izes  at, which the emula t ive  

LC, i ;ti, l)cgfnz~luag wi t21  the coa r sc s "cg t e i a%,  reaches 10 per cent ,  i , e ,  

I l ~ e  10 psi* cr r i t  csslrses s i ze ,  1% w i l l  oe seen that  the dsnaity of "ce 

<,ud~, t~rntz l j  increased as t,he p a r t i c l e  s ize  increased, frora 99 Lbs, per  cu, 

Y i , ,  fors Pine sand t o  139 l b s ,  per  cu, %"to f o r  boulders, These da ta  corn- 

p;il.o ~ e a 6 0 n a b i y  we11 with the data  given by 3ondereggert2') and check 

s x p a t l y -  t h e  value, f o r  sand 93 Ibs ,  per  cu, f t , ,  obtained indepenclentlly 

r Y 8 tud l e s  sf sediman%s i n  the Mokelme a rea  in Cali fornia  by 

L C  g o  3. Geological ~ u r v e ~ l j ~ )  give s imilar  r e s u l t s ,  The sediments 

5,trxi"esCS by the Califsrr~ia Bivision of  la ter  resources a r k e l .  the Geologic& 

2;ur'v~g wcss %&en from p i t s  and borings sunk into deposi ts  of steep 

f t :  1% i e  believed, however, that the settlement o f  coarse material  

i,Sncie and depth his very smally 80 that  the r e su l t s  s f  these s tudies  

* * r i r i  be accepted as being s u b s t m t i a l l y  correct ,  Because the da ta  on 

tnsee s t ~ ~ c l $ e g  vere based a re  very volminous and are r e d i l y  a- 

u I I a l h  i s  !u ak:tail I r i  the publications,  and because of  the f a c t  tha t  the 

I , * (  %sda  rrlmaiiod were n o t  recent deposit i~xks and tha t  reservoirs  f i l l i n g  

I, i ^,i~ ::ab<:h r&i ts c i a 1  are r e l a t i ve ly  ra re ,  the deta i led da ta  are not p r s -  

i b > .  Skud ies  of i n i t i a l  densi t y  by Traslr- -~rask'~~) studied the re- 
L ------*-- - 

i w I ,  .o? o f  density t o  par t ic le  s i ze  of sediments when f i r s t  deposited, He 

, , 2 ,3cdiriaents i n t o  f rac%lens  coraposed of  par t ic les  within a given 

I 4 e z s ~ d  dekermined t he i r  densi ty  af ter  a very short settlement 

pe~s9aas're Ke found t ha t  the in i t i a l .  density increased with the p a r t i c l e  

r:s e e ,  a6 shown i n  Table 7 ,  
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Tam 7 

INITIAL DENSITY DXTSRMImD BY T M E  

Size 
mi " 

16, -A board of Army Pngineers seportingon the 

S a n  Carlos Project, Arizona, in 19111"") used a unit weight of 70 ibs. 

per eu Pt. of deposit, 

By studies md measurements on the Kaw River in Kansas, Herman Stab - 

l.er and BOW. ~arker( determined the unit weight of the deposit;ed sedi- 

ment t o  be g5 bbs, per cu, ft, 

~~bne~(j7) found a density of 60 ibs. per cu. ft. for samples of de- 

posits of sediment from tributaries of the Yazoo River in Mississippi, 

Silt in the lndus River, India,l14) was fovnd to neigh approximately 

95 Ibs, per csi. f t ,  

Todd and ~liasssnj'~) fourld that the weight of dried deposited sedi 

men$ in the Yellow River, China, averaged lQI.5 Ibs, pes cu, ft. Free. 

mantagj found Mellow River deposits averaged 90 Ibs, per cue ft, 

In estimtes f o r  the Martin Reservoir on the Arkansas River,the 

senior  author used unit weights of 95 hbs, per cu. ft, f o r  the coarse naa- 

terial which wouldbe deposited ira and above the delta and 60 lbs. per cu., 

f t ,  for the fine sediment which would be deposited more or Less evenly 



,# I 11 - nci3 rsP the s sse rvo i r ,  

i'' >ragp + pi2) siatos that  318 ~ w p l s s  have been studied by the Boil Coar- 

e13cv , l t ; on  S: , r~ jce ,  r,mging l o  dens i t i e s  from 2Q,1 t o  EBE,7 Ibs, per  cu ,  

i r , ,  Y.'r-~o average o f  all sarngles was 54 %%so per eu, f t ,  For 210 smples 

-: i3ola the f ine  deposits which were cont inual ly  submerged, the average vas 

b'i I b s ,  per eu, f t o  , and f o r  35 smplea  of similar deposi ts  which had 

t ~ i + r a  o~cpseoti and subject t o  drying and compaction the averGe w a s  6 1  l b s ,  

I + , The t~vc3rage o f  the 73 saraples f r sn  de l tas  was 75 Lbs, per  

PI> 0 j- L 0 

~ ~ ~ o h r i ( " ' ~ )  made a number of experiments on the clayey sediment de- 

j a ~ n ;  Led in. 3engaE, India,,, r i ve r s  and found an average dry  weight of  50 

1 l ) ~ ; ,  ~ W * V : C L ,  f t ,  Cole W, MVd, E 1 l . i ~  took s i x  samples from the margins of 

W'r u L n a  Rives which had $ ~ b 2  average dry weight of 98 I b s ,  per  cu, ft. 

r i F l  ., CI F Cfurooes  9 s probably due t o  the Perger q w t i  ty of sand i n  the 

J t 3 u.nutsshfa,L 8tudied by &John being extremely f ine  mud-. Par- 

s t n l s s  that ral .~~es ranging from 148 ts 80 Ibe ,  per cu, f t ,  have 

11 . I ~ , b s e r l r e d ,  prssaagn~bly in India,  



I%%. mSU%,TS OF STWY OF A V A I W U  DATA 

17 A determinat ion of the 

u a b i t  m i g h t  which should be used f o r  r e s e r v e l r  sediment i n  any case i s  a 

c e s ~ l i c a b e e !  problem fnuslv.&ng a number of' vvarziabkes, &nong them a r e  the 

manner i n  n ~ ~ c l l  the reservoi  r nil1 be epdratecl, the s i z e  of the  sediment 

p a r t i c l e s ,  the raze of eompact~sn  of the sediment, and perhaps o ther  

f a c t o r s ,  

Probably the most lmporxant of these i s  the Iwaraner i n  which the 

r e se rvo i r  is t o  be operated, As has a1 ready been pointed out i n  the  re. 

view of  previous l i t e r a t u r e  011 &has s u b j e c t ,  whenarese rvo i r  i s  operated 

i n  such a manner "cat the  l eve l  I S  lowered from time t o  t ime,  the de- 

pos i ted  sediment i s  exposed to the suri and a i r ,  a d  is  d r i e d  out and be- 

comes more dense. The wasst e x t r e m  case of t h i s  i s  i n  de ten t ion  bas ins  

used excJ_us i~ely-  f o r  f lood e o ~ ~ t r o l  wnctlout conservation pools .  Bere the 

sedlmcnt deposited i n  one f lood usual ly  has arnple time to  d ry  out  before 

Che next f Lssd comes arid a hjgka un i t  weight 1s therefore  produced, Reses-= 

v o l r s  t h a t  are f requent ly  d r a v ~ i  doam f o r  i rragat ion supply o r  power s t o r  - 

age form ZUI intermediate condicaon, a~leb reservoirs which a r e  lcspt f u l l  

have the lowest unit wetghe, 

I case tending %;swax-i.cb. low unit weights i s  " c a t o f  a r e s e r v o i r  used 

f o r  pondage by a " r u  of  river ' '  hydro e l e c t r i c  p l a x ~ t ,  where the  sediment 

i s  sldbnerged at frequent  i n t e r v a l s  arnd drying out i s  prevented,  Mult i -  

p u q a s e  s e e e r v o i r s  o f f e r  c o q l i c a t e d  p r o b l e m ~  which can only be solved by 

cons idera t ion  of the w q r  En which they w i l l  opera te ,  b o t h e r  case which 

produces E s w  pait weights i s  a storage r e se rvo i r  which i s  d r a m  down only 

at long i n t e r v a l s ,  with a rapid  rats of drawdom~ and quick r e f i l l ,  
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9% long as a11 the depos i t s  a r e  below the lomest l e v e l  tha t  the 

C - r  , , ~ i  v o i  r. i x CI ra~'111 down,  they have no adverse e f f e c t s ,  but as soon as they 

, I L L  uiiiii i ti I,(. ~ b o ~ r e  t f i  .i s l e v e l  they reduce the maximum e f f  e e t i v e  capacity . 
A:, sc70)i  as they reach t h i s  l e v e l ,  however, i n  most cases  they a re  dr ied  

~ I J %  tcr same e x t e n t ,  and therefore  the dens i ty  increases .  The amount of 

dr:, jng9 howcves, i s  xlo t l a rge  unless  the depos i t s  a r e  uncovered f o r  a con- 

b i d 6 > i i a " b l r l  pe r iod  sf Lime, Therefore, normal1y only the depos i t s  which l i e  

*i~,~ii' kqhat, abuvr? the usual dra~vdown l e v e l  w i l l  be increased considerably i n  

d ~ ~ r ~ ~ ; Z C y  by drying,  The d r i e d  sediment does not expand t o  i t s  o r i g i n a l  

Liti~:Ji by when I t ,  I s  again covered, with water ,  The growth of p l a n t s  on the 

c;ud iixiea"c,! so probably Lends t o  consolidate the sediments by using up 

i i t ~  j , i,u r*c~  in them, 

llhh- rats a t w h i c h  sedinlsnt depos i t s  consol ida te  under water i s  s f  

z iirgui 'i,;ult:e, because i f  the consol ida t ion  i s  r ap id ,  a h igher  u n i t  dens i ty  

11t3 ~ ~ q t - d  zha.13 if it is slow, L i t t l e  infcsrrr~ation on t h l s  poin t  1s  

, I 1 ,  9 E e a d  Chh: subject is  under study by the Sedimentatior~ Division of 

C)  = Sc I i C0liiservaCP~3n Service,  ConsiderEible information along t h i s  l i n e  

I , - ~ > i  t"iii-,b le in the fieLd of so11 mechmics, but i t  i s  not  hown exact ly  

, 9 9  , re 1 x o ~ 1 J C s  oT s-Lt~dles sf the compaction of the more consolidated 

b #  : ' < ~ i t t  i t t t ;  used I r l  soil meclsmics apply t o  the condi t ions  o f  low consol i  - 

( i l + J ; t ~ l l  USURIIY met w i th  i n  r e se rvo i r  sediments, There i s  season to be- 

I : h? ve y however g that  @o&rse 8edl m$n$8, such as s m d s  a d  g rave l s ,  reach 

: I I C ?  I I *  P i  rial consol  idakidon in. a neg l ig ib le  length o f  time, md tha t  the 

ianCe o f  c:onss L-idation decreases w i  tka the  f ineness  of the  sedinaents. 

lthis *if zs of the sediment p a r t i c l e s  has an important e f f e c t  on the 

L g Sand m d  grave l  have a high u n i t  weight,  e s p e c i a l l y  i f  the 



~ 5 . m  8f p:3,r"t3.e",l.e8 5.8 n0n-.un.%forrn 80 that the voids between the Larger 

pa r t i c l ee  Lend t o  De fi.1 Led by the ~ m s l l e s  ones,  % t L t , s  ha,ve a lesser 

wofght G L U J Y B  sb? Rl- t o s s ,  9S;Pkaore dsprssfta ass of coarse mcaterfea.%.., a 

higher rmit ne%glat should be used thean if the deposits a r e  fine, 

sedinent 2% depositing tend t o  produce be8,vier sedjments than thoso where 

"zhe water is not f30w4ng, as the cu~renls carry away more ss l.ess o f  the 

f i n s  a t e r i a l ,  thus producing a coarser sediment, m d  consequent ly a 

T G  hila haen s~~gges ted  that th i s  csndi%ian o f  flocculation 6r sera- 

P%occulation tmder whish $he Fine silts o s  c l a y s  a r e  depos i ted  has con- 

o$&ecabIe ef fec t  on the density of  the sedimentary formation produced, 

Vary psobably Ghlslt is  $me, bu"r ;e r i f ica t ion  could not  'be maale due t o  

l;-~ck sf psrCLnsxat d a t a "  %t  appears t o  open a fertile f i e l d  f o r  further 

%k8. Ax,slrrIys"s sof obee~ved.  t lenni t ies-  -Zn Table 8 are given aYE a- 
- - 4 s - u - a  * a * m - - - u - a P P  

.irt%ilali%e data, on w%as composiljon of smpLes sf which the dens i ty  h a  

been measured, A great many df f f e r e n t  separation poin t s  were used by the 

vwioue WanePea fm these malyses and i n  Table 3 they have Been reduced, 

as accaarat@lg a@ psseibr%s, ts a s%ng%e b a s i s ,  by d i v i d i n g  them i n t o  the  

wad, ~ i i t ,  and clay  Prae t i sns ,  according to the U, 8, Bureau of  $ o i l s  

~ l e a a i f i e a t f o n .  $a. Lhl cLasefPlcatioa c$&y ineldes a11 p a r t i c l e s  loas 

.than ~ & I I , ,  s l i t  those bebween 0,005 cad O,@, a d  s a d  those betneen 

8,Q5 and L O O  mi, On Tal~Le 9 are &.,so given brief '  n o t e s  on %he %oea$ione 

f rsm wMaeh %he ~ w J , e a  were Laken, 
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Biloqr, of the t;@iples on which d a t a  were secured a re  from the Colorado 

,~f:ri b l r  sso~hsj. Rivers. and therefore probably have more smd content t h m  

r "ti. ,~~ /a r . age  reservo i r deposit  Comaparat ive ly  few d a t a  are  ava i l ab le  on 

t j c  , l e j t ,  4 2 -  naving a high clay content ,  The r e s u l t s  show a d i s t i n c t  tenden 

X;J Scrr the weight to increase with increase i n  the proportion of coarser  

fiiater4aJ" An attempt was made to  show t h i s  graphical ly  on the b a s i s  of 

: nc, per ceu;ts in the three c lasses ,  sand, s i l t ,  a d  c lay ,  but the d a t a  on 

i i t  r z  t I l o u a t  %he higher c lay  contents  were insuf f i c ien t  to pernait a rekia-  

L > ! L -  p*-raph to be drawn I t  was found however ( r i g ,  2) tha t  the d a t a  could 

~*: , r~r ; i~( i ie~~t l ,y  be ohown by p l o t t i n g  the d ry  weight i n  Ibs .  per cu, f t ,  a- 

{ ( ~ i n u i ,  CIle pes cent o f  sand, including i n  sand a l l  mater ia l  Larger than 

c 1 , O j  iiml, i t  i s  probable that very few of the s m p l e s  contained an ap-- 

t b l  I j b l d  xflount o f  material  l a rge r  than 1.0 m.,  the upper l i m i t  sf s a d  

r ,., S n i,hr U S Bureau of So i l s  c l a s s i f  i ca t ion ,  

B i t , c d  0-1" the  samples f o l l o w  a w e l l  defined b m d ,  shoeping a d i s t i n c t  

r ri weighk wiLh increasing s m d  con"cd t, but a number o f  them 

o n &  rderabLy froso this general  t rend,  A barge number of those 

i i 6 i (  li g2ir"i"er widely were taken from the beds sf shd low chutes thro- a 

r ,j~,li re3 I in the !,3ibissous-k River ,  a d  mere probably very recent deposi t~ l  

' r  i ~ i  c .in. a, d i l a t e d  condition, Two were t&en from the Iowa River,  

Cbu ~ o n d i t i o n s  were similar, I t  i s  believed that  these a r e  not 

i e*~-e:;eu: t a t lve  of depos i t s  which have accmulated  i n  s u f f i c i e n t  quanta- 

; , c d , a  L U  ~ i a a to s i a l l y  reduce the capaci ty  sf reservoirs ,  The eq~atfoba o f  

It1* 1.P c,c through the band representirag most of the? p lo t t ed  r e s u l t s  i s  

~2 - 1 -+ i ?  On Fig. 2 are  dram a l s o  the l i n e s  showing 5 and 10 

np e:eut devf a t ion  from the equation. They show tha t  50 per  cent of the 
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rcs~il'r~s f a l l  within 5 per  cent s f  the general  r e l a t i o n ,  and 75 per cent 

within I0 per cent ,  

It i s  believed tha t  the values of densi ty  shown graphical ly  i n  Fig, 

I ,  which were con~puted using the d a t a  on p o r o s i t i e s  col lec ted  by the 

Gal i fora~ia  Division s f  Water Resources and an ass~med  spec i f i c  g rav i ty  s f  

2> 65, i s  as good information on the densi ty  of coarse sediments as can be 

ob ta ined  from the avai lable  data ,  

19, V d u e s  of dens i ty  f o r  use i n  design----.In order to  make t h i s  re-. 

p o r t  o f  value t o  the p rac t i c ing  engineer, i t  i s  des i rable  to  summarize 

the f indings  s f  the study in  a form as read i ly  applicable as poss ib le  to 

tkke problem which the engineer has t o  meet. In the folLoming paragraphs 

an attempt i s  &e to f o r m l a t e  a method of predetermining the sediment 

de!lsity i n  a reservoir  from the conditions met i n  each p a r t i c u l a r  case. 

As bas been previously pointed out ,  the most important f a c t o r s  which 

d e  ierlaine the densi ty  of sediment i n  a rese rvo i r  a r e ,  the method ~f 

operat j  on 0% the s e s e r ~ r o i r ,  the p a r t i c l e  s i z e  of the  sediment, the r a t e  

of eeaanpaetisn of the sedinent ,mdposs ibEy the condit ion d f loccula t ion.  

The process developed consis ts  of dividing the  methods of operation 

sf the bas ins  in to  four  c lasses  i n  which; ( a )  the sediment i s  always sub- 

merged or near ly  submerged, (b) normally there  i s  a moderate reservoir  

drav~dds~~a~,  j C) normally there i s  considerable rese rvo i r  drawclown, and (d)  

the reservoir  i s  normally empty, 

The classif i c a t  i on !tsedimen"cI%lways submerged o r  nearly submerged" 

covers the case of ra reservoir  normally kept f u l l  and emptied only at in- 

freq~zeuzt i a ~ t e r v a l s ,  and then only f o r  a shor t  time, This c l a s s  d s o  in- 
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c % d @ s  flood eontroP reservoirs  i n  '181kLich considerable conservation s to r -  

age i s  aPLowed. The case lfnornaL1y a moderate reservoir  drawdowntt i s  in- 

tended t o  cover the case where rese rvo i r s  s to re  over long per iods ,  with 

smaL% drao~dawne i n  the norm$ years,  I t  a l s o  covers "run of river!! hy- 

d ro -e lec t r i c  p l a n t s ,  where the basin i s  used f o r  pondage md the sedi-, 

ment, when deposited a%ove the low water l e v e l ,  is f requent ly  exposed by 

the ehmges of water l e v e l ,  The next c l a s s i f i c a t i o n ,  "normally consider- 

able rese rvo i r  drawdown," covers the case of a rela"cvely large  drawdown 

i n  normal years.  $he eEass i f iea t ion " rese rvo i r  normally empty" covers 

re tarding basins a d  rese rvo i r s  which a r e  empty i n  normal years ,  

In rese rvo i r s  of each of these four  c lasses  the sediment deposited 

my cons i s t  of four grades --   lay, s i l t ,  srmd, m d  sand m d  coarser  arm-- 

terial. .  O f  these mate%*ia,l.s c l ays ,  and to  a l e s s e r  extent  s i l t s ,  a re  a%- 

f s c t e d  by the r a t e  of consolidat ion of depos i t s ,  

The mi% v~s igh t s  of sediments cornposed of sands o r  f i n e r  mater ia ls  

s o  given i n  %able EO f o r  deposi ts  i n  each c l a s s  and f o r  each type s f  

reservoir  operat ion,  

Tam 10 - DEgSITY VALmS FOR USE IN DLSIGH 

The "elm eof consolidat ion of the dens i ty  values W l  i n  lbs .  p e r  cue  

f$, i e  %&en as one year, A constant ,  K, i s  given f o r  each sediment 

@$ass m d  operat ion condition which i n a i c a t e s  the e f f e c t  o f  sediment con- 
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$04 i d a l i s n  mi t b  respec t  t o  t ime, The d e n s i t y  i s  assumed t o  increase  

i sga rz thmiea l ly ,  the d e n s i t y  a f t e r  any period of yea r s  T be ing  I7 = W l  + K 

djoga6, T For sediment composed of mixtures  of the  var ious  c l a s s e s  of m a  

t e r i a b  the weight f o r  each c l a s s  should be cornbined i n  p ropor t ion  t o  

t h e i r  r e spec t ive  po r t ions  of the t o t a l  sediment, For example, suppose i t  

i 5 desired t o  determine the  average d e n s i t y  of' t he  sediment i n  a r e s e r v o i r  

which w i l l  f i l l  i n  I00 yea r s  with sediment composed of 20 p e r  cent  sand, 

48 per cent  s i l t ,  and 40 p e r  cent  c i w ,  i f  the sediment i n  the  r e s e r v o i r  

i s  always submerged o r  n e a r l y  submerged? The d e n s i t i e s  of the  three  

c basses of  mate r i a l  f o r  t h i  s me thod of r e s e r v o i r  ope ra t ion  at the  end of a 

100 year period mould be sand 93 .t. 6 = 93 . l L t  65 + 5.7 x loglOIOO = 

(6,4, and clay 30 + 16 O x loglUIOO = 62,6 l b s ,  p e r  cu, f t .  The u n i t  

vei%g$b of  the composite ma te r i a l  nould then be 20 p e r  cent  of 93 c 40 pe r  

6:c:ak o f  76,4 c 40 per cen t  of 62x1 = 74.0 I b s ,  p e r  cu,  f t ,  For sediments 

comj~osed of  sand o r  coa r se r  m a t e r i a l ,  F igo  1 may be used t o  e s t ima te  the 

de;.a:si t fe9, and no cons idera t ion  need be given t o  the  time f a c t o r ,  

The va lues  ; r l  Table 10 have bee11 der ived  from a s tudy  of the r e s u l t s  

o f  Lhe observa t ions  of o t h e r  i n v e s t i g a t o r s  i n  t h i s  f i e l d ,  as given i n  the 

revi em o f  previous l i t e r a t u r e  and from the  d a t a  recorded i n  the tables ,  

'Uric da t a  were not  of a na tu re  which nould permit a r i g i d  mathematical so - 

l u t l o r i  of %he problem. and the  values given were r a t h e r  de r ived  by a c u t  

 rid "cry synthes iz ing  p roces s  s t a r t i n g  wi th  s a n d a t  93 l b s ,  p e r  cu,  f t ,  as 

derived independently on F igs ,  k and 2 and ob ta in ing  va lues  f o r  the o the r  

materials vhich  b e s t  agreed wi th  the a v a i l a b l e  d a t a  and among themselves, 

The logar i thmic  cor rec t ion  f o r  c o q a c t i o n  was used t o  g ive  a r ap id  con- 



s o l i d a t i o n  i n  the f i r s t  Pew gea r s  wi th  r a p i d l y  decreas ing  r a t e  a s  time 

cont inuedo The e o n s t m t s  f o r  s i l t  a i d  clay for the f i r s t  t h r ee  c l a s s e s  

were cbosed t o  give the s a l e  dens i ty  f o r  a 1000 year  per iod  a s  vmuld be 

reached f o r  tha t  class of ma te r i a l  when deposf ted uxder condi t ion  ( d )  of  

" r e se rvo i r  nsrrnaEky empty", where r t  would have ample oppor tuni ty  t o  d ry  

o u t *  A more exac t  mathematical form could poss ib ly  have been obta ined  by 

u s i n g  a curve ~ ~ h i e h  would be asymptoblc t o  a final densj-ty va lue ,  similar 

t o  that -used by Klgrmbel.r~l3~) i n  a study. of the e f f e c t  of abras ion  on rock 

fragmexats, b u t  %be mathelmtkcal form would have been more complex tkam 

mould seem justified by " c h e  d a t a  at harid As given I r l  t h i s  r e p o r t t h e  

bases f o r  ds"&rwainathons i n  some case,  a r e  very meager, the r e s u l t s  caaznot 

ise eox~sidered as be ing  e x a c t ,  b u t  a r e  bel ieved to r ep re sen t  the  bes t  e s t i  

~nate  CbaL can be m a d s  from the a v a i l a b l e  d a t a  The u n c e r t a i n t i e s  a r e  p a r  

titularly- g r e a t  i n  e s t i m t f n g  the  r a t e  of conso l ida t ion  and. the d e n s i t i e s  

o f  sediment i n  r e t a r d i n g  b a s i n s ,  because sf the small moun t  s f  d a t a  a- 

v a i l a b l e ,  it w i l l  be noted f o r  s a i d  d s p o s l t s  asrd f o r  the case  sf' 

rsssrvsirs normally d r y ,  the %Brae f a c t o r  has  no e f f e c t ,  Since i n  some 

cases  the time b f  f i l l i n g  can not  be known u n t i l  t he  d e n s i t y  i s  a l s o  

known, a pre l iminary  s s t f m t e  s f  the d e n s i t y  can b e  used Lo determine the 

t ime, a d  the true va iues  determined by suceesskve approximations, 

I t  should be noted t h a t  the d e p o s i t s  i n  the r e s e r v o i r  may not  have 

the sms conpos i t ion  as "ce inflowing sedzmerle s ince  p a r t  of tk sediment 

n?sw pass out wi th  the out f  lov ing  water  This i s  p a r t i c u l a r l y  t rue  of the 

pools  o f  !!run of rivere'  hydro e1ec"cl-s p l a n t s  and rehrddli~g bas ins  

Reservoi rs  %;hi eh are normalby kept  above the  spillway l e v e l ,  such as i s  

f r equen t ly  the  case  i n  s e e r e a t i o n  r e s e r v o i r s  ~ ~ s u a l l y  p a s s  a coneiderable 



par t  o f  t h e  sediment over t h e i r  sp i l lways ,  The amount depends upon the  

tine: the water  remains i n  the bas in  and the  magnitude of t he  turbulence ir. 

tne  s t r ew  as i t  passes  through, The l eng th  of time the  a a t e r  remains i n  

s torage  before pass ing  over the sp i l lway depends upon the r a t i o  of t he  

storage c a p a c i t y  of the bas in  t o  the  inf low: when the s torage  capac i ty  i s  

l a rge  with r e spec t  t o  the  inf low,  the  s to rage  per iod  i s  long. Larger pro-  

por t io r l s  of c lay  than of s i l t ,  are c a r r i e d  through and most sand w i l l  be 

deposited, Some d a t a  on t h i s  po in t  have been c o l l e c t e d  f o r  r e t a r d i n g  

banins: '3) b u t  f u r t h e r  s tudy would be d e s i r a b l e .  

I t  w i  k l  no doubt be f o m d  i n  many cases  t h a t  the d a t a  on the s i z e  

~ o q o s i t i i s n  o f  the sediment c a r r i e d  by the s t reams on which r e s e r v o i r s  a r e  

t o  Ps e s t a b l i s h e d  a r e  no t  s u f f i c i e n t  t o  enable a d e n s i t y  value t o  be 

I Loscly es t imated .  This i s  un fo r tuna te ,  b u t  cannot be avoided, s ince  the  

- i l z e  conpos i t ion  i s  such an important f a c t o r  i n  determining the d e n s i t y *  

I t  serves t o  emphasize the n e c e s s i t y o f  ob ta in ing  data on p a r t i c l e  s i z e  as 

well as sediment concent ra t  ion  i n  observa t ions  on streams P a r t i c l e  s i z e  

19 al ss e q u a l l y  importarat i n  most o t h e r  engineer ing  problems d e a l i n g  w i  t h  

sed irnont, I t  i s  be l ieved  however, t h a t  i n  most ca ses  i t  m i l l  be p o s s i b l e  

r,o es t  i=%e sedimenz d e n s i t y  i n  t h i s  manner more c l o s e l y  us ing  the  b e s t  

i n f o r m l i o n  on sediment composition even though i t  be very i n  

exact, than can be done by any o the r  method now a v a i l a b l e .  

20. Supplementary Data- -Data on d e n s i t y ,  pores i t y  and mechanical 

azalysis sf r e s e r v o i r  sedinent  d e p o s i t s  fu rn i shed  by the U .  $3, S o i l  Con.- 

sesva t ion  Serv ice  a r e  given i n  Tables 11 m d  12,  These d a t a ,  having been 

received too Late to  be ana lysed ,  a r e  not  b a s i c  to  any conclusions o r  r e  

sults of t h i s  s tudy 
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Baurae C h n e i t y  - Ibri. per  a. i t .  ( fo ron i ty  i n  p a r  cent  i f  h o r n ,  ia  om 
i n  parorati>essa hafora the cotreepondiw vtdne of dens i tg . )  

~ 

63, button s e t ;  95. B e l t s  and amdy; 90, d e l t a  and sandy; 63. hottom s a t .  
A l l  amrplas compacted by au ?t ion.  

Leatnpyton Beaoroolr, Lexington, 8. C 
Pwe D ~ B  F1eod Coiltrol k r v e y .  

Miusloa Lake.  FIortana, Im*nsae 

P@Jiagbom Wsoerooir, located a t  
Bflsing Grove, Pa. , on P o d e r  Creak 
(Codorrrs b a s k  Watar~lled) 

49, 016 s t i t :  38, oid  s i l t :  41 o l d  s ix$ ;  as, lLsr silt. 

45, 4 7 ,  40, 43. 23. 

50, 50, 61 .  

55,  56, 64, 

68, line-gr@.lne8i, bottoa-sot; 74, coapae, da l t a ;  72, l ine-grained,  bot tan: 
, 88, coarse,  d e l t a .  i *Flood w n t r o 1  rassrooir- . . - -al l  unniples probably coqaobsd by ae ra t ion .  

(82) 29, v e ~ y  f i n e  oLLL: (71) 4'7, very f i n e  s i l t :  (73) 45, very f i n e  e i1 t ;  (42) 96. 
~naldy s i l t .  

53, 58 ,  72. 6%, 49, 74. OIL baser; o f  moisture deteminaations and sn assuzwd a v e r s e  
q>ecf.f%a grav t ty  o f  2-65 f o r  d r y  sadinlw~t.. 

49, e, so, M, 443, 65,  w ,  54, 72, ~ 3 ,  v ,  m, 79, 83, 48, 82. 76. 48, ao, sz, oa, 
49, 67 ,  48, 48, 48, 51, 48, 48 ,  48, 4'7, 47,  4'7, 44, 53. 
"As bo0eminad from ~eq lrs s  a s  a.aceive4. I n  o r ig ina l  containers  (asmmlxig or%gPnn9 
eontainere smobly  l i l l o d  st time of am'p1ing). 

(66) 81, gray s i l t ,  r i l t  end wad;  (64) M,  gray s i l t  and f l u e  annd: (69) 50, gray 
o i l t  wid f ino  t1811(1: (64) 60, g r w  s i l t  m d  f ine  @ a d :  ( 5 9 )  71, gray and red s l lC  
&id as=&; (38) 102, gray and rad s i l t  and sand: (51) 81; (62) 63.  grey . i f& iyld 
smd;  (43) 95, dark silt a d  $and: (66) 55,  sand, grit aad elayr  (65) 58,  sand a d  
s i l t :  (65) 58,  i i 1 C  v i a  red aolorst3on. 

50, 57, 60, 68. 

32, 28,  40. 

39, a l a y  and e i l t  over send wd grave l ;  56, s i l t :  75, sand, c l a y  and gravel:  112, 
mate, in 6)mp:le; 115: 120, ~ m d  a d  gravel .  

(69) 30, p w a  s i l t ,  reddfah brovu; (60) 66, half  new s i l t ,  ha l f  compacted a i l & :  
(56) 72, lasasy eo actad able: (66) 56, Pins looee e l l$ :  (62) 63 ,  heavy s i l t .  
re&&ida b r o m ;  ( 6 8  59,  Ei@;$t OOZY s i l t ;  (57) 71, heavy s l l t s d ,  eo acted; (61 )  Mj$, 
Berry aLlP,, iron 014 l&e bed: (51) 80, heow rtilt, l i t t l e  sand: (43 93, firm d l t ,  
from vd..l@y fill above lake;  (46) 89,  l im s i l t .  in va l ley  f i l l  above Ids: 
(66) 73. f i rm s i ~ t ,  i n  o l d  atrsara once p a r t  of s.&e. 
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, ) a  9:dkrnert s t s r  -- - -- s flom the  -. a a t e r  

t -  r - 4 0 ~  J Although ~t 1 s  not  a f a c t o r  111 she subjec t  of t h i s  re 

J L I I I L !  L&C%USB i t  i~ so of ten  overloolced i t  l e  probably j u s t i f i a b l e  

i~ , L  c 4   ail at ter , taon to the face tha t  the capaci ty of a basiu to s t o r e  

~~t : i~~i6ie~, t  i s  grea te r  :[jar I t s  capaci ty  to  s t o r e  water $he water st;arage 

( : ; A ~ U L I  ty Y s usually measured q to  the l e v e l  plarie of a compara t~vely  

~ I L L I ~  t water surface but, r h e  capaci ty to hold aedlmen r, can De measured up 

L O  1 131 %(I$ ~ I o p i r ~ g  upstream fro111 the dam the s lope deperiding or, the 

aiuti ce -:of the  sediment deposl Led being s-ceeper f o r  coarse sediments ,  In 

~ ~ c c , i .  Gtrat the reservoi r  may f ' l l l  dowr, to the ilzm there must be a cur  

u e , n t  I'rom the upper erid to the ~ o w t r  e t a  of t h e  reservoi r  to ca r ry  the 

sodanlent through the r e se rvo i r  to the dam and except f o r  very f i n e  

~ e c l i ~ r t c : x ~ L  , chis car) e x i s  t  onhy i f  there ss  a slope l n  the stream b e  tweer~ 

i,h~::,k? ~ o r r n  i,a; Very l i  tt, l e  study seems to have beeti grverl to che magrii 

, I  b e  l e s s  1 h h r  ~41at ot the r i v e r  I r ,  r t s  urlconfined por t ao r~s ,  For 

r :  vei, Y J ~ L G ~  emerge from mountains arLd spread over a p l a i r ~  values s u i t  

Z-tri l r  f u r  r e se rvo i r s  just above the po%nt of' emergence car1 of ten  be e s t i  

I , i 1i1 a sLope o f  the r i v e r  ac ross  the p l a l r ~  Some lcleas appl icable  

I,(, 1 . 1  v l r d  with heavy Loads of f i n e  sediment car1 be obtained from a study 

o i  i he d e p o s i t s  i n  the Elephant B u t t e  ~ e s e r v o i r ' ) ) .  

2 -- Recovery of water from deposi ted sedimnents P n  some cases  where 

w.c sc r v o i r s  a re  f i l l e d  w i t h  very porous material  I t  m a y  be worth while t o  

cot i d e  r the anourit of water which could be recovered f rom the pores of 



Section 23~ --.-" --- _11__-2 

the sediment, as zhe reservoir is eri~ptisd rig 2 indicates that under 

the most I'avorabbe covtditiorls a water volume up, to 36 per c e n t o f  tne 

velme of sediment could be recovered, Quite similar results were ob 

Lained by the U S o  Geological Survey' j2!, This figure shows that -@he a 

raao1ax1.k depends upon the size of tihe sedlnaent particles, being greater for 

coarser sa id  The mountof recovery would also depend upon the snagni 

tude and rapidity of the fluctuations of water level in the reservoar 

the steepness of the strew and the shspe of the reservoir S l o w  fltactu 

ations o f  water level are, favorable to large recoveries as they give time 

for the sediments t o  drain out, Large fluctuations of water level are 

also favorable as they tend to prod~~ce steeper gsomd water gradients 

through the sediments- A narrow reservoir produces steeper gradlenl,~ for 

a given drawdown t b m  a m i d e  one, Considerable study has been given,  &r~ 

conr~ec ti on aith mde rgrowd ~ a t e r  p~obkems (3') (32) ! j 3 )  to the amount of 

water which in available from deposits of various kinds of material, b u t  

LP tS1e seems to be available En s s d i l y  usable form. for determining the 

rapidity with which the deposits would drain out It is believed, how 

ever ,  that where conditions ape favorable to recovery of considerable a 

m o m i s  o f  waLer f rom deposih studies based oal the porosity, permeabi hi 

ty and available slopes v!ouP$ be justified t o  deternine the probable a 

msunte available , The deposf t s in most reservoirs are predominately 

silts o r  c lays ,  In such eases the rate of outflow would be so slow that 

it would probably .be used up by evaporation aid produce insuf f icieaa t 

water to justify consideration, 



58 Bibl iography 

l , C o l l i n s ,  Wov~ard and Love ; !!Xlechanical Analysis  of Mater ia l  Deposi t e a  
by the Colorado River! ' ,  u ~ p u b l i s h e d  d a t a  on samples c o l l e c t e d  by 
above men and analyzed by the U. S, Geological  Survey, 

2 Davis ,  A ,  25 and Wilsor~ ,  Bc, M - ;  { ' I r r i g a t i o n  Engineering",  John Wiley 
m d  Sons, Iric Xew York p 371 1917. 

4 Xakin. H ,  M ; " S i l  ti:-g o f  Reservoirs l ' .  U ,  S -  Department of Agricul-- 
t u re  Tech 1 1  l Xo . 524, 1936 Revised e d i t i o n  by Carl B Brown, 
1939 

) I  , F a r i s ,  O r v i l l e  A , ,  "The S i l t  Load of Texas Streamsf' ,  U o S o  Dqpartment 
of Agr i cu l tu re  Tech B u l l  No 382, 1933" 

5 P o l b e t t ,  W,, W "  ; " S i l t  i n  the  Rio Grande", Engineering Bev~s, Vol, 7 1 ,  
No, l i  1914, 

6, F o r t i e r :  S .  and BLaney H F , ' ' S i l t  ir, the Rio Grande and i t s  We- 
Eation t o  I r r i g a t i o n "  U >  S Bepartmer~t of  Agr icu l ture  Tech,Bull .  
No, 67, 1930, 

j ,  Grunsky, C E - ;  " S i l t  Transpor ta t ion  by Sacramento and Colorado Riv 
e s s  and by the Imperial  Carlal", Trans ,  A,S.C,E . Vol, 94, p- .  I104 
52, 1930" 

8 ,  Ee~nph i l l ,  R ,G- ; ' 9S i l t i r lg  arid Li fe  of Southwestern Rese rvo i r s t t .  Trans. 
AqS,C.Ea .  Vol, 95,  p ,  1061 74, 1931" 

3 Bsward, C , S , ; "Suspended Mattes ir1 the Colorado River  i n  1925. 28", 
U. S .  Geological S ~ r u e y ,  Water Supply Paper No 6 3 6 ~ ~  p ,  27,  1929, 

10. 13ughes, D S , "Amount o f  S i l t  t h a t  would be Deposited i n  Reservoir  
at San Car los" ,  House Doc- 791 6 j r d  Congress, 2nd Sess ion ,  San 
Carlos  I r r i g a t i o n  P r o j e c t  Arizona, Appendix G ,  

$1, Ir7 t e r n a t i o r ~ a l  Bourlda~y Commission, United S t a t e s  a r~d  Mexico; "Flow s f  
. L L ~  Rio Grande and Tr ibutary  Conditions" , Water Bul le  t i u  30, 7 
19 37 - 

12, L e w i s ,  A ,  D.; f 'SiLding of Four Large Reservoi rs  i n  South Af r i ca" ,  
Second Congress om Large Dams, Communication No, 5 ,  1936. 

13. Missouri River ,  House Document No, 238, 73rd Congress, 2nd Sess ion ,  
1935. 

14, h j a b  I r r i g a t i o n  Branch, Technical Review, p ,  104, 192F0 

15, Stab le r :  H e r m a n ;  "Kaw River  S i l t f t  Engineering News, Vol, 63, 



16 Stevens ,  d C , "The S i l t  Brsblernfl, Trans, A . S o G o E a ,  TPoI0 101, p,  
2Q8 88, 1936 

17 Tay lo r ,  T W , " S i l t i n g  sf Reservoi rs"  Texas Un ive r s i t y  B u l l ,  No, 
3025 1930 

18 Todd 0 9 ,  and Xl iassen  , S c  , "The Yekkow River Problem". Proceed 
i n g s  A 9,C E -  Vol 84, ao,  10, p,  1q22-9a, 1938, 

k g  P r e e m a ~ .  J B, , "Flood Problems i n  Chinaq.  Trans. AoSoC-E4, Val, 85, 
2.922, p o  64&L 

21 Kmthaek,  "The P r i n c i p l e s  of I r r i g a t i o n  Engineeringfi ,  p ,  213, 

22 8snderegges A ,  E "Modifying the  Physiographieak BaEwce Conaer- 
v a t i o ~ ~  Measures" Trans, A e S . C  E. Vok. 100, L9359 p. 2g4. 

23 Lane, E B and Kennedy J , C  > ,  '9A Study s f  Sedimen"cat;ion i n  a Mimi 
Conservaricy Distr ict  Reservoi r ,  Trans,  .&I, Geophysical Union, 
1940 Part 2 ,  p , 607 

24 - Oexl s , ''Volwiet p i c  Is; i g h t  of Suspended Sediment ( I i a w e w i  e h t  der 
Sch~vems to f f e  (Schlmw)"', Wasserkraft  m d  W a s s e m i r t s c h f t ,  Vol.  
29 , I ssue  6 p 61 67 ,  Maseh 16 ,  1934, Trans la ted  by Engineer Be-. 
putabaealt Research Centers ,  Vicksburg, 

25- Singer; "Computizlg Bed--Lo& t i t i e s  {Das R e e b e n  M i %  b e e h i e - ,  
bsmengen) " , Ze i t sch r i f  t der h r v a s s e r b d e ,  VoI . X I ,  i s s u e  4, 

26, Bpring and P r o s t ,  c'S"edg of "che l a t e r  of the  Meuse (3bf.lude sup l e g  
eaux Be la Meuse)" h a l e s  de la. Bociete k o l o g i w e  d e r  Belgique,  
Va l -  If 1g81 1884, p ,  123 md foeaswing p w e s .  

2-J '?Geological Study f o r  t he  Geniss ia t  D m P r o j e ~ t  on the  Trenchuppe r  
Rkaone," (Etude geologfque sur l e  p r o j e t  de b a r w e  du  bu t -&one  
f raricai s a Gen i s s i a t )  1912, 

28 - '"nvestigezt ions Concerning Ldte X-lederssuthslfen i r b  the  B a v a r i a  A1- 
.Lg~u" (Urltereuchmgerl uber den Niedeseoutkolf ener  See im bayer.-  
ischen ~ll~&u) a B c i e n t i f f a  pubhicat ion of t h e  D g  V. Best, A. V, 
Innsbmck,,  IggO, 

29 (7Qdrntita.i; ive Inves t iga t ion  of the Depoeitioaa of  Sediment in L a @  
Alp. Lake Nie$srsoutholfen. and lake Starnberg"  ( W m t i t a t f v e  
Uajtsrsuchwgen uber  den Schl  bsaat z in A%psu, cbefrm 1iedersouthol - .  
fener See urid den Starnberger  See)  Reprint  from the A r c h  f u r  Ey.- 
d r o b i o l o g i e ,  1932 vol ,  X X E V ,  pp. 535- 42. 

30 b t h h e f s r ,  C - I ,  ; '!Researches Concerning the ' b r a s p o r t  of Light  and 



Beavy Milsteraal I r  Susper slor. by t h e  Ir r~ BI ve r:' near  X i  renb~chl , 
T y r o l  Uritersucbea h e r  dse  Scht-emstaff' und Schurbstoff  FLLhrmg 
de s Inn xiockistKRi r'chb lchb Tyrol ) Die Wasse rwertschaf t, 1933 I s  
sue 1 6 

D~v i s soc?  of: Water Eessurces S t a t e  sf C a l i f o r n i a ,  y1 Geologyar~Li ground 
Water Storage Capac~ t y  of Valley B1 i 1  1' Bul le  t l r ~  No 45 

Piper Ti?omas arid Ro b l  r ~ s o r ~ ,  "'(lr rot*od ws ter IIydrology of the l d o k e i m e  
Area, l a t e r  Supply Paper %Jo 780 p 101 

P ~ p r r  A hf , Q a l e s  on the  Rela.t;ion betveer] the Moisture Equivalent  
m)d the Specific Re ten t ion  sf Water Bearing b l a t e r l a l s  'Trans ,  Am, 
Geophysical Union 1933 -Q 481 

Trask Parker ,  "Cornpact ion sf Sediments. Q j  Bull  Am- Assn, Petroleum 
Gecaloglsts %Tsi l ' j  pp,  211 76 

EL%assea~ S lg  ' ' A l l ~ ~ v ~ a l  l o e s s  arid che s i l t  c a r r y i n g  capac i ty  of 
fJope7 Ra vers " Jotir Assoc Chinese and @ere Engirl 1 / \ 51, 267 
292 1 1 ~ u s  S e p ~  Oce 1356. 

An@r ymous sq%Aethod of 8StlWtlTig the probable volume of s i l t  deposi ts  
l l r r  r lwe r  s torage  r e s e r v o i r s  f o r  the Oklahoma Ci ty  water supply,if 
Engan  & C o n t r a c t  g g ( l l )  2 9 0 2 g j 0  March12 1913 

Dabney A L !?The Ta l l aha t ch ie  d ramage  d i s t r i c t  , "  III Sac,  En- 
gin and Surveyors 25th k ~ x k  Rpt pp 187 196, illus Jm, IglQ, 

$rumbein C . $?The Ef fec t  of' Abrasion on the SBae, Shape a d  
Bouuaelaeas of Bock F r ~ a n e n t o :  Journal  of b o b s g y  Val, July- 
B u ~ s t ,  1941 

O r t e n b k a  Alber ta ,  !'Mathematical theory of the process sf c o n s o l i -  
da t ion  o f  mud d e p o s i t s  '9 Your Math artd Physics  9 (2)< 73 l a g ,  
a l l u s  Apr i l  1930 

BfBotes 01: S i l t i n g o f  Elepkaar) t But te  Rese rvo i r ,  " Beclaramation Becord,: 
September 1916 p; 421., 

P a r k e r  PI- A,, M . , Cor~. c ro 1 of mate r . , p... 767 - 
h p p .  Sq C, , Y'Sed~mentat~on i n  A r t i f i c i a l  Lakes , ' ' A Symposium on Ey- 

drobiology,  Un ive r s i t y  of Wisconsin P res s  p ,  35, 




